The lack of predictive performance tools creates a barrier to the widespread use of building integrated photovoltaic panels. The National Institute of Standards and Technology has created a building integrated photovoltaic (BIPV) "test bed" to capture experimental data that can be used to improve and validate previously developed computer simulation tools. Twelve months of performance data has been collected for building integrated photovoltaic panels using four different cell technologies -crystalline, polycrystalline, silicon film, and triple-junction amorphous. Two panels using each cell technology were present, one without any insulation attached to its rear surface and one with insulation having a nominal thermal resistance value of 3.5 m 2 •K/W attached to its rear surface. The performance data associated with these eight panels, along with meteorological data, was compared to the predictions of a photovoltaic model developed jointly by Maui Solar Software and Sandia National Laboratories, which is implemented in their IV Curve Tracer software [1] . The evaluation of the predictive performance tools was done in the interest of refining the tools to provide BIPV system designers with a reliable source for economic evaluation and system sizing.
INTRODUCTION
Predictive performance tools are an important factor in the success of any technology. An effective performance model would accurately predict the annual energy production given the orientation of the proposed photovoltaic system, typical weather conditions for the geographic region, the nominal performance of the specified BIPV technology, and the proposed coverage area of the BIPV application. The predicted energy production would subsequently be used to compute the energy and cost savings for different cell technologies and system orientations.
The benefits of these predictive tools are obvious. The ability to optimize the performance of BIPV applications allows consumers to maximize the cost effectiveness of the system before installing it. Additionally, the predictive models can demonstrate whether or not a system will be economically feasible.
The accuracy of these tools is key in the overall customer satisfaction. If the predictive models significantly underpredict the amount of BIPV product required for applications, customers may assume that photovoltaics are not as effective as they truly are. Alternatively, predictive models that overpredict the amount of product needed result in poor economic decisions. Predictive tools that either underpredict or overpredict the size of BIPV systems contribute to negative customer satisfaction, which hamper the widespread use of the energy saving technology.
The National Institute of Standards and Technology created a building integrated photovoltaic test facility to evaluate BIPV products and predictive tools [2] . The facility includes a "test bed" for side-byside testing of BIPV products, a solar tracking facility for short-term characterization of BIPV panels, and a rooftop meteorological station. During the calendar year 2000, four different cell technologies, crystalline, polycrystalline, silicon film, and triple-junction amorphous, were present in the "test bed." Two panels of each cell technology were installed, one panel without backside insulation and one with insulation attached to the rear surface of the panel. The 102 mm (4 in) thick extruded polystyrene insulation has a nominal R-value of 3.5 m 2 ·K/W (R-20). Twelve months of performance data was recorded at five minute intervals, including power output, voltage, current, panel temperature, and meteorological data.
The solar tracking facility is used to characterize the electrical performance of the panels used in the "test bed." The performance at standard rating conditions, the temperature coefficients, the effect of air mass, and the effect of incident angle are measured for each panel. These parameters are required inputs to the computer simulation tools [3] .
The rooftop meteorological station measures the total horizontal, horizontal diffuse, and the direct beam irradiance; the outdoor ambient temperature; and the wind speed and direction. The rooftop data is measured and stored at 5-minute intervals throughout the year. Additionally, a small meteorological station is located on the wall at the "test bed." This station measures the total irradiance in the plane of the panels, the wind speed in the plane of the panels, and the outdoor ambient temperature.
These facilities provide the measurements needed to evaluate BIPV predictive performance tools. The measured "test bed" performance [4] is compared to the performance predicted with the Sandia National Laboratories PV model using characterization parameters from the tracking facility and the measured meteorological data. The Sandia model is empirical in nature, and it requires many parameters specific to the model.
The prediction of the panel's temperature is a key component of any PV model. The temperature of the photovoltaic cells is predicted with IV Curve Tracer using an empirical model. A transient one-dimensional heat transfer model, developed at NIST [5] , was substituted for the empirical model. Comparisons were made to predictions using the empirical model and measured data.
SANDIA ELECTRICAL PERFORMANCE MODEL
A number of publications have described the model developed by Sandia National Laboratories to predict the electrical output of photovoltaic panels [6, 7, 8, 9] . The equations presented in this paper represent SNL's latest implementation of the model [10] . A premise of this performance model is that the I mp , V oc , and V mp of a photovoltaic module can be described as functions of I sc and the cell temperature. As shown in Eq. 1, the short-circuit current is assumed to be dependant on the beam and diffuse irradiance, air mass, incident angle, and panel temperature. Equations 2 -6 are used to predict the remaining performance variables (open-circuit voltage, maximum power current, and maximum power voltage) using the short-circuit current. The effective irradiance, E e , is defined as the ratio of the measured short-circuit current, which is adjusted to the reference temperature, T o , to the short-circuit current at standard rating conditions. The remaining performance parameters are predicted using the effective irradiance and several empirical coefficients as well as the respective temperature coefficients. 
A large number of performance parameters that are not provided by manufacturers are required. Temperature coefficients for the maximum power current and voltage, polynomials describing the effect of air mass and incident angles, and an empirical diode factor are a few of the less-common parameters that a system designer would need. However, the developers have provided these obscure values in a large database of parameters for some popular pre-fabricated panels. In the case of custom-fabricated BIPV panels, however, these parameters are not available. Once the parameters are acquired, the implementation of the model is simple, and several programs are available that utilize the Sandia model, including IV Curve Tracer [1] and PV-Design Pro [11] .
PANEL TEMPERATURE PREDICTION MODELS
The prediction of the panel temperature is an important part of the Sandia electrical performance model. The temperature of the panel significantly affects the output voltage and, therefore, the power produced by the panel. The Sandia model was run using its own cell temperature prediction method and the NIST cell temperature model. Each model predicts the panel temperature differently. In Sandia's model, the temperature on the rear surface of the panel is predicted using the incident irradiance, the ambient temperature, the wind speed, and several empirical coefficients as shown in Eq. (10). Then, using Eq. (11), the temperature at the PV cell, which is the temperature that truly governs the performance of the cell, is predicted using the panel temperature assuming a standard temperature difference between the two. The SNL model developers have provided empirical coefficients [10] , Table 1 The NIST temperature model [5] uses the approximation of onedimensional transient heat transfer to predict the temperature of the * Certain trade names and company products are mentioned in the text or identified in an illustration in order to adequately specify the experimental procedure and equipment used. In no case does such an identification imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that the products are necessarily the best available for the purpose. cell. It uses the beam and diffuse irradiance incident on the panel, the ambient temperature, the effective sky temperature in front and in back of the panel, the wind speed, and the electrical power produced by the panel. The photovoltaic panel is divided into several layers (backside insulation, PV cells, glazing, etc.) according to its construction, and the thickness, density, specific heat, and thermal conductivity are required for each layer. An implicit finite difference scheme is used to determine the temperature throughout the cross-section of the panel, and the cell temperature is calculated as the average of the temperatures in the PV cell layer. The method requires iteration of the temperatures at the two panel surfaces, which makes the NIST PV cell temperature model much more computationally intense than the empirical model used by Sandia National Laboratories.
MODELING PARAMETERS
The SNL's electrical performance model and the NIST cell temperature model require parameters describing the important panel characteristics.
Panel manufacturers provide some of these parameters, but each of the models require parameters that are not readily available. The electrical performance model by SNL requires As mentioned previously, SNL provides a database of empirical coefficients for some common PV panels. Unfortunately, three of the four cell technologies (six of the eight panels) were custom-made for the BIPV "test bed." Therefore all of the empirical parameters in Eqs. 1-7 were measured using the NIST Solar Tracking Facility [3] , Table 2 . The thermal models also require a number of parameters. The parameters for the Sandia thermal model were discussed previously, Table 1 . For the purpose of modeling the NIST BIPV panels, the uninsulated panels will employ the open rack, glass/cell/Tedlar * parameters, and the insulated panels will use the close roof mounted glass/cell/glass parameters. While these parameters do not apply precisely to the mounting of the panels in the NIST BIPV "test bed", they are the most appropriate of the three options provided by the model developers.
As discussed previously, the NIST PV cell temperature divides the photovoltaic panel into layers according to its construction. The thickness of the layer, density, specific heat, and thermal conductivity of each layer are required. The parameters used to model the eight panels are shown in Table 3 . The monocrystalline, polycrystalline, and silicon film panels were custom fabricated. Therefore, the materials used in their construction were readily available for thickness measurements. The triple-junction amorphous panel is a pre-fabricated, and the thicknesses of the individual layers were obtained from the manufacturer. The properties for the Tefzel * , Tedlar * /Mylar * , and glass were obtained from specification sheets provided by the respective manufacturers. All of the other property data were obtained from commonly available material property tables.
MODEL IMPLEMENTATION
In order to compare the measurements made by the BIPV "test bed" with those predicted by the SNL model on an annual basis, the model needed to be applied at five minute intervals over one year for eight different panels. IV Curve Tracer, which houses the SNL photovoltaic performance model, is used to trace a single I-V curve at specified input conditions. To simplify the use of the BIPV "test bed" [12] frontend. The University of Wisconsin created TRNSYS as an object-oriented application that manages different FORTRAN subroutines. TRNSYS also supplies radiation processors and data reader subroutines for transient applications such as this. The predicted electrical output using the FORTRAN subroutine was compared to the predicted output using IV Curve Tracer. Additionally, a spreadsheet employing the SNL model was obtained from the model developers at Sandia National Laboratories. The spreadsheet had the ability to predict the electrical output of a module over a period of time using meteorological data supplied by the user. The accuracy of the FORTRAN subroutine within TRNSYS as compared to the SNL model was verified by predicting one day's output of a BIPV "test bed" module using the SNL spreadsheet and the TRNSYS subroutine. The two applications agreed within 0.25 % over the day, which indicated successful implementation of the SNL model into FORTRAN. For the purpose of evaluating the accuracy of these models, the performance and meteorological data recorded during the testing period was divided into blocks of data that were considered suitable for evaluation of performance models. Records that were missing measurements or contained incorrect measurements were not used, and only days with all daylight records present were used in the final analysis. A total of 309 days were analyzed out of a possible 363 days of measured data.
The SNL model and the SNL model outfitted with the NIST PV cell temperature model were applied to the eight panels present in the BIPV "test bed" over the course of a year. The electrical output of the models was compared to the measured electrical output of each panel. Two methods were used to evaluate the quality of the predicted results. Most importantly, the measured accumulated energy was compared to the predicted energy. This quantity is most easily comprehended in terms of a percent difference from the measured value. The second method of comparison was the statistical correlation coefficient, R 2 . Unlike the comparison of accumulated energy, the correlation coefficient compares the predicted output at each point. This provides a clearer picture of the precision of the model, but the energy output by the modules is the end goal.
RESULTS
Overall, the performance of the Sandia National Laboratories photovoltaic performance model was found to be very good, Table 4 . The greatest difference between the predicted and measured accumulated energy using the SNL model was 6.2 % in the case of the uninsulated silicon film module. The model agreed with the measured results to within 1.5 % for the remaining uninsulated panels. In the case of the insulated panels, the polycrystalline module resulted in the greatest difference (5.4 %) between the measured and predicted results. The remaining seven modules agreed within 3 % using the SNL model.
Incorporating the NIST temperature model within SNL's photovoltaic model produced mixed results. For the silicon film panel, the predicted energy improved for both the insulated (3.0 % to 0.3 %) and uninsulated panel (6.2 % to 1.8 %). However, the agreement between the measured and predicted results for the other three insulated panels was not as close as those obtained using the temperature model proposed by SNL.
Looking at the R 2 values, which more accurately indicate the precision of the predictions, the R 2 values for each uninsulated panel improved with the use of the NIST cell temperature model, and the R 2 values decreased for each of insulated panels. For both the insulated and uninsulated cases, the R 2 values of the triple-junction amorphous panels did not change between the two models. Although the electrical output predictions for the uninsulated panels were closer for the SNL model as opposed to the SNL/NIST model, the NIST temperature model more closely predicted the cell temperature. Figure 1 shows this for the uninsulated monocrystalline panel for two clear days with significantly different outdoor ambient temperatures. The average ambient temperature was 1.5 °C on February 5 and 19.5 °C on May 4. The average irradiance on February 5 and May 4 was 580 W/m 2 and 210 W/m 2 , respectively, which explains the higher panel temperatures seen on the colder day. Similar results for cell temperature prediction were found for all four uninsulated modules. The difference between the models is greater during periods of cold ambient temperatures, Figure 1 . This may be attributed to the fact that the SNL temperature model assumes both sides of the panel are subjected to the outdoor ambient temperature, but in reality, the rear side of the BIPV panels is exposed to controlled indoor conditions. The temperature prediction of both models for the insulated panels closely tracked the measured cell temperatures throughout the year.
It is interesting to note that if the temperature predicted by the SNL model was closer to the measured panel temperature, the SNL electrical performance model would not result in such good agreement. Figure 1 shows that the SNL temperature model underpredicts the uninsulated panel temperatures in the "test bed" during periods of cooler weather. Table 4 shows that the best agreement between the SNL model and the measured results was in those cooler months. In fact, during the warmer months when the NIST and SNL temperature model closely match in their temperature predictions, the differences between the SNL and SNL/NIST models are significantly less. For example, Table 4 shows that for the uninsulated monocrystalline panel, the SNL and SNL/NIST models result in a +0.6 % and -4.6 % difference, respectively, in the month of February. However, during the month of June, the differences between the measured results and the two models are almost equal (SNL: -5.3 %, SNL/NIST: -5.4 %). Except for the triple-junction amorphous panel, which is not as strongly affected by the temperature, similar trends occur for the other panels. Considering the different methods used to measure the irradiance and power output at each interval, the close agreement between the predicted and measured results is remarkable. The performance model uses the meteorological conditions recorded at five minute intervals to predict the power output every five minutes. The accumulated energy is assumed to be the product of the power output and the time interval (5 minutes). The measured electrical energy is also calculated by multiplying the power and the time interval, but the instrument used at the BIPV "test bed" [1] measures the power at 15 second intervals and takes the average over the five minute period. Thus, on days with quickly changing irradiance values, the predicted and measured values could vary significantly. Additionally, the measurement of the beam irradiance is not directly at the BIPV "test bed." Therefore, on partly cloudy days, the beam irradiance at the "test bed" could be different than the measurement. Figures 2 a) , b), and c) show measured and predicted power output on three days (clear, cloudy, and partly cloudy) for the uninsulated monocrystalline panel. The percent difference and R 2 values are significantly better for the clear day compared to both the partly cloudy and cloudy days. Although the solar energy was low on the cloudy day, it was relatively steady, which resulted in significantly better R 2 values for the cloudy day than those for the partly cloudy day. The absolute difference between the predicted and measured results for the two models on all three days is shown in the table in Figure 2 . The magnitude of the Watt-hour difference remains approximately the same, but the delivered solar energy varies greatly between the three days. This would seem to indicate that the irradiance level itself does not produce errors in the predictions. The temperature prediction for both models is within 5 degrees throughout the clear and cloudy days. Due to the quickly changing irradiance, the predicted temperatures on the partly cloudy day were not as close.
The better predictive performance of I-V Curve Tracer on clear days can also be seen in the compiled monthly data. Table 4 shows a dramatic decrease in the R 2 value during the months of July, August, and September for each of the panels. These three months were very cloudy at NIST. Alternatively, October of that year was extremely clear, and it resulted in the highest R 2 value for any month. There were nine clear days in October and only three in the July through September period.
Another reason for poor performance during the summer months may be attributed to the high incident angle throughout the day. Figure 3 a) and b) show that the SNL model overpredicts the output power during the winter when the incident angle is relatively low and underpredicts on days when the angle is high. As shown previously, the SNL electrical performance model includes a polynomial function, f 2 (AOI), to adjust the transmittance of the glass and absorptance of the PV cells to account for the effect of the incident angle. Additionally, the pyranometer readings are adjusted with respect to the incident angle. The temperatures of the module on these two days are within 6°C at their peak.
Visually, the SNL/NIST model provides an excellent fit for the measured data on November 24, but the percent difference and R 2 values on this day are worse than those for May 4. This discrepancy is due to the early morning shading that occurs in the winter months. A large building lies due East of the BIPV "test bed" and casts a shadow on the test site in the morning. The irradiance measurements are made on the eastern end of the "test bed" below the panels. Therefore, the pyranometers are shaded for a longer period than the modules, especially the monocrystalline modules. Figure 3 b) shows a large underprediction in the early morning that would be expected in this situation.
CONCLUSION
The photovoltaic model proposed by Sandia National Laboratories was evaluated with respect to the measured electrical output of eight BIPV modules in NIST's BIPV "test bed." Additionally, the SNL electrical performance model was coupled with the NIST cell temperature model and compared to the measured results. The agreement of both models to the measured data was well within 7% on an annual basis compiling all eight modules. The SNL model resulted in a closer monthly and annual predicted energy output when compared to the SNL model using the NIST cell temperature model. However, it was shown that the NIST cell temperature model more closely predicted the cell temperatures. This discrepancy results from a general underprediction of the power output using the SNL 
